Polyacrylonitrile (PAN), cellulose acetate (CA) and polyacrylonitrile -cellulose acetate (PAN-CA) fibres were formed in single and binary solvents which were subjected to gyration under pressure. Fibres in the diameter range 200-2000 nm were generated using a rotating speed of 36,000 rpm and a working pressure of 3 × 10 5 Pa. Long fibre morphologies with isotropic distribution of fibre orientation were obtained from PAN polymer solutions with a concentration of 5-15 wt%. Short fibre morphologies with anisotropic distribution of fibre orientation were produced for CA polymer solutions with a concentration of 25 wt% and below this concentration polygonal beads were generated. PAN-CA fibre bundles were generated and these showed remarkable selfgenerating porous characteristics when the working pressure was changed from 1 to 3 × 10 5 Pa. For comparison, porous PAN-CA fibres were also generated by solvent etching and porogen leaching techniques and in these the etching time and porogen concentration influenced the pore size of the generated fibres. Fourier transform infrared and Raman spectroscopies were performed to elucidate the bonding characteristics in the fibres. Release characteristics of the porous fibrous structures were studied using vanillin as the active ingredient. A mathematical model which allows the evaluation of the fibre diameter as a function of rotating speed and working pressure is presented and this helps to understand the solvent mass transfer taking place during fibre forming.
Introduction
Porous fibres are excellent candidates for enhanced photocatalytic activities owing to their high surface area, attendant dispersions of catalyst functions and superior mass transport. It has been shown that TiO 2 /SiO 2 porous fibres had significantly enhanced photocatalytic activity and photodegradation of rhodamine compared to TiO 2 nanoparticles and Degussa P25 [1] . Highly porous graphitic fibres are widely used as a counter electrode in dye sensitised solar cells with high photoconversion performance. Using porous fibres is an ideal strategy for improving the surface of electrodes which in turn influences the rate of electrochemical reaction [2] . These designed architectures have been also exploited in lithium ion batteries and supercapacitors which offer improved energy and power density [3, 4] . The potential use of porous polycaprolactone fibres in tissue engineering scaffolds has been reported by evaluating mouse osteoblast cell growth in them and results show excellent cell attachment and proliferation [5, 6] .
A plethora of methods have been used to generate porous fibres and increase their porosity. Of these, the phase separation method is widely reported, where selected removal of one polymer after spinning a polymer blend from solutions is used to generate multi-phase fibres [7] . Here, when the polymer blend solution becomes thermodynamically unstable and if one of the dispersed phases can be accessed and removed easily without collapse, then internal pores could be created in the fibres [8] . Another method involves using porogens during fibre forming and subsequent leaching out the porogens is done postprocessing. For example, removing CaCO 3 in PAN/CaCO 3 fibres using an extraction bath containing HCl/water at various temperature and time intervals can generate porous structures [9] . Alternatively, pores could be formed using a humid environment, in this case water molecules from the atmosphere condense on the surface to leave imprints on fibres [10, 11] . However, these methods are not robust and lack simplicity, most of them require post-processing which is time consuming and costly. In addition, the residual additives used in such operations could affect the quality of formed fibres.
Polyacrylonitrile (PAN) is a well-known precursor for carbon fibres, it has a high carbon yield as well as outstanding mechanical properties [12, 13] . PAN is a semi-crystalline synthetic polymer obtained through free radical polymerisation of acrylonitrile. The non-meltable ladder structure obtained through cyclisation of PAN molecules is very crucial to avoid melting during carbonisation. The cyclised network of hexagonal carbon nitrogen rings are formed with nitrile groups through a thermal free radical mechanism [14] . Nitrile groups in PAN also have a large dipole moments and provide high cohesive energy density and chain stiffness which result in excellent tensile strength. Cellulose acetate (CA) is a semi-synthetic polymer derived from cellulose which is the most common biopolymer used in biomedical applications such as tissue engineering and drug delivery [15] [16] [17] . Cellulose acetate is derived from esterification of cellulose, which is obtained by reaction of cellulose with acetic anhydride and acetic acid in the presence of sulphuric acid.
Pressurised gyration is an attractive method concurrently using centrifugal spinning and solution blowing to form large quantities of nanofibres [18] . The process depends on the concentration of the solute-solvent mixture, rotating speed of the gyration vessel and the working pressure across an orifice to generate fibres on a scale range from nano-to micro-. Thus, this method offers not only control of the polymeric nanofibre diameter and length but also their size distribution [18] . A mathematical model illustrating how the fibres are generated in this process has been described by considering rotational and blowing frames of the spinning process [19] . It is an uncomplicated but efficient technique permitting simultaneous generation of a multitude of polymer nanofibres with regular morphology [20] [21] [22] . In addition, pressurised gyration has shown to generate functional microbubbles (rather than fibre) that could be used in drug delivery, antimicrobial vesicles and biosensing [23, 24] .
The current work discovers a new route to form well characterised self-generating porous polyacrylonitrile-cellulose acetate composite fibres using pressurised gyration. This forming process relies on the destabilising centrifugal force and the dynamic fluid flow acting against the stabilising surface tension of the polymer solution to form fibres at very high speed. By carefully tuning one of the process parameters, working pressure, porous composite fibres were obtained. Here we use the well-known synthetic polymer polyacrylonitrile in combination with a semi-synthetic polymer derived from natural cellulose to form porous structures. Moreover, for comparison, in this study porous fibres are also made from post-processing techniques such as porogen leaching (sodium chloride) and solvent etching. We describe in detail plausible explanations for forming porous fibrous structures using these routes. Taking vanillin as a model material, the release characteristics of active ingredients from these structures in de-ionised water is studied and findings discussed. We give details of the mechanism of sorption of such active ingredient molecules and their release profile from the porous fibrous structures.
Materials and methods

Materials
Polyacrylonitrile (PAN) (M w = 150 kDa) and cellulose acetate (CA) (M w = 30 kDa) were used as received from Sigma Aldrich, UK. Acetone and dimethylformamide (DMF) were obtained from Sigma Aldrich, UK. Vanillin (Kosher) was purchased from Sigma Aldrich, UK and used as received.
Solution preparation and characterisation
Various concentrations of PAN solutions (5, 10, 15 wt%) were prepared by dissolving PAN powder in DMF and mixing using a magnetic stirrer for 24 h at ambient temperature (~20°C). Similarly, various concentrations of CA solutions (15, 20, 25 wt%) were prepared by dissolving CA in acetone/DMF solvent mixture. These solutions were subjected to rigorous mixing by a magnetic stirrer until CA was completely dissolved. In addition, 10 wt% PAN-CA composite polymer solution was prepared in acetone/DMF solvent mixture. Various ratios of solvent mixture were used for this study. Of these the 2:1 ratio was chosen as an optimum mixture for this work.
The prepared polymer solutions were characterised by measuring their physical properties such as viscosity and surface tension (Table 1) . A Kruss tensiometer K9 was selected and used for measuring the surface tension of the solutions (Wilhelmy plate method). A BrookField viscometer was used to measure the viscosity of the polymer solutions. All equipment was calibrated before use and all measurements were performed at ambient conditions (20°C and 42% relative humidity).
Fibre preparation
Fibres of PAN, CA and PAN-CA were prepared using pressurised gyration. The experimental set up used at the ambient temperature in this study is schematically illustrated in Fig. 1 . It consists of a rotary aluminium cylinder vessel with~60 mm diameter and~35 mm height.
There are approximately 20 orifices located on the wall of vessel, and each is~0.5 mm in diameter. The features of orifices (number, dimensions and shape) and vessel could be customized. The vessel is driven by a DC motor which connects at the bottom of vessel, and it could Self-generating porous fibres of PAN-CA composites were made by tuning the working pressure appropriately at constant rotating speed. Porous structures were also deliberately made by post-processing the fibres made by gyration without any working pressure. Of these, in solvent etching, the composite fibres made were etched in acetone/DMF solution at various time intervals between 5 and 30 min to change the pore size. Table 2 shows the etching times and the corresponding pore sizes obtained in this investigation. In the leaching process, different concentrations of NaCl crystals were incorporated in the initial polymer composite solution and then they were leached out in de-ionised water to form the pores in the fibres. Table 3 shows the concentration of NaCl and the corresponding pore sizes in this investigation.
Structural characterisation
Fibre morphology was investigated with a JSM-6301F scanning electron microscope (SEM). Before imaging, all samples were coated with gold using a Quorum Q 150R ES sputter machine for 120 s in order to minimize charging effects. The micrographs were recorded at an operating voltage between 5 and 20 kV and an emission current 6 μA to get high resolution pictures. The images obtained were used to analyse the fibre and pore size.
Thermogravimetric analysis (TGA) was carried using PAN-CA blended fibres in a computer controlled Netzsch Thermobalance. The tests were carried in a nitrogen environment. A sample mass of 3.3 mg was heated at 5°C/min from 27°C to 400°C.
Brunauer-Emmett-Teller (BET) analysis of the surface area of the PAN-CA fibres were determined using an automated surface area and pore size analyser (Quantachrome, Quadrasorb EVO). The fibres were degassed at 80°C under vacuum for 18 h to remove any contaminating molecules from fibrous surface. For the determination of surface area the relative pressure (P/Po) in the range 0.01-0.25 was used, and nitrogen was used as the adsorbing gas. The specific surface area was calculated using the multipoint BET method and the pore size distribution was determined from the nitrogen adsorption isotherms using the density function theory (DFT).
FTIR spectrometer (Bruker-Alpha) equipped with an attenuated total reflectance (ATR) probe attachment along with an internal reflectance element (IRE) germanium (Ge) crystal at an end-face angle of 45°w as used to obtain Fourier transform infrared (FTIR) spectra which was recorded in the wavelength range 400-4000 cm
. The data was used to evaluate the interfacial interaction between polymer blend constituents in the composite fibres.
Raman microscope (inVia™ Renishaw) excited with 633 nm incident wavelength radiation was used to acquire Raman measurements on the samples. The data acquisition covered the spectral range 3000-100 cm −1 with a spatial resolution of 4 cm
. Raman data was baseline corrected.
Ultraviolet-visible spectroscopy studies (UV-Vis spectroscopy) were performed on the samples to study the release characteristics of vanillin in de-ionised water. UV-Vis absorption spectra were obtained using a Perkin Elmer Lambda 35 spectrometer with a 4 nm spectral resolution at 25°C in the 200-700 nm wavelength range. Initially porous fibres were coated with vanillin by dipping in 10 wt% vanillin solution for 24 h and then they were immersed in de-ionised water at various temperatures to evaluate the release profile. The number of adsorbed vanillin molecules in the porous fibres were calculated to be 41 × 10 20 . The residual NaCl particles in the gyrospun leached fibres were evaluated using the following procedure. Initially, the fibres were washed in de-ionised water several times and dried. This was to ensure the complete dissolution of NaCl residues in the fibres. Thereafter, the fibres were dissolved in solvent acetone/DMF mixture to extract the NaCl residues that were trapped inside the fibres. The concentration of the chloride ions were measured by precision chlorine test paper. The dry test paper strip was dipped into solution to be tested, without any agitation and compared immediately with the colour chart provided by the supplier (Precision Laboratories, USA).
Results and discussion
Effect of polymer solutions' physical properties on formability of fibres
The initial setting up of process control parameters for forming fibres by pressurised gyration are crucially governed by the characteristics of polymer solutions' physical properties. Thus, the quality of the products generated in pressurised gyration depend on surface tension and viscosity of the polymer solution that is being spun [18] . The measured values of surface tension and viscosity for PAN, CA and PAN-CA composite solutions are given in Table 1 . It is apparent that the surface tension force of the polymer solutions increases with increasing polymer concentration. The surface tension values are higher for CA polymer solutions compared to PAN and PAN-CA polymer solutions. The viscosity values are higher for PAN solutions, an addition of CA polymer to PAN solutions does not significantly change the viscosity of the blend solutions. The viscosity of the CA solutions are low compared to other polymer solutions. It is worth noting that for a given polymer and solvent system, the change in surface tension due to change in concentration of the polymer solution is moderate, on the other hand the change in viscosity is significant. Several studies have been conducted to show the influence of surface tension and viscosity forces during forming, including pressurised gyration [15] [16] [17] [18] [19] . When the surface tension force is predominant over the viscosity forces beads or bead-on-string structures are formed. Formation of smooth, bead free fibres are promoted when the viscosity forces prevails over the surface tension force. The SEM pictures of the fibres formed by pressurised gyration are showed in Fig. 2 . For all concentrations of PAN solutions pore-free smooth fibres were generated by varying the rotating speed between 10,000 rpm to 36,000 rpm and varying the working pressure between 1 × 10 5 Pa to 3 × 10 5 Pa. Apparently, these fibres are without any artefacts such as beading and the fibre diameter varied between 200 and 500 nm. The fibre architecture of PAN appears homogeneous (Fig. 2a,b) . CA solutions generated fibres at 25 wt% concentration. The fibre architecture of CA appears inhomogeneous and mostly contained short fibres (Fig. 2e,f) . It could be deduced from the micrographs that their lengths varied between 1 and 3 mm compared to PAN fibres which are few centimetres long. In addition, an anisotropic distribution of fibre orientation was clearly seen in these fibres compared to an isotropic distribution of fibre orientation in PAN fibres. Moreover, there appears to be good bonding between the short fibres at most points of contact. Below 25 wt% concentration, CA polymer solution produced beads at all rotating speeds and working pressures. Interestingly, the beads had various morphologies (polygon shapes) largely due to surface tension and wetting effects of the substrate (Fig. 2c,d ). The 10 wt% PAN-CA solution formed smooth fibres without any beading. A higher degree of fibre alignment was found on these fibres compared to CA fibres (Fig. 2g) . The formed composite fibres are longer and the surface of the fibres appeared rougher than the PAN or CA fibres' morphologies. The fibre diameters varied between 500 and 2000 nm. The TGA of the PAN-CA blended fibres is shown in Fig. 3 . The fibre samples show two-stage degradation where a steep weight loss prevails to~325°C and this is followed by another more gradual weight loss to~4 00°C. The final solid residue corresponds to 74% of the initial weight. The initial weight loss is due to the solvent evaporation and dehydration. The second weight loss is associated with the carbonisation of the PAN molecules.
The nitrogen adsorption and desorption isotherm for the BET surface area analysis is shown in Fig. 4a . BET surface area plot is shown in Fig. 4b and the surface area determined is 12 m 2 /g. The BET measurements showed a wide size distribution of pore size of the PAN-CA fibres with the pore size ranging from 7 to 247°A (Fig. 4c) . Pore size can influence the contact angle of the polymer fibres. In addition, hydrophilic or hydrophobic groups within the polymer chain can determine the contact angle of the fibres. The hydrophilic nature of PAN-CA fibres and an accompanying wide range of pore size will have a huge impact on the wettability of the generated blended fibres.
It is well known that addition of another solvent to acetone causes variations in the diameter and morphology of the polymer fibres generated by spinning [25] . The addition of DMF to acetone -polylactic acid (PLA) polymer solutions produced the thinnest bead free fibres due to exertion of stronger elongation forces during a spinning process [25] . In fact, the solvent ratio in a binary acetone/DMF solvent system influenced PLA product formation and morphology. A ratio b 1:1 did not generate any fibres. The optimum condition (that is defect free smooth thinnest fibres) were obtained with a solvent ratio 1.5:1. This is largely due to variation of viscosity and the surface tension of the solutions. In our work, a slightly higher ratio of 2:1 is found be the optimum condition. A possible explanation for this difference could be that ambient conditions such as temperature and humidity varied during the gyratory spinning process which may influence the morphology of the fibres. Moreover, in a mixed solvent system when the boiling point of the second solvent is higher than the first solvent, the fibre diameter and the morphology vary dramatically [26] . This is due to the solvent with the higher boiling point evaporating slowly from the ejected fibre jets during spinning and causing viscoelastic properties to change and hence the stretching of the fibre jets.
Another possible argument for variation of fibre morphologies in this work is the change in molecular weight of the polymers. It has been shown that change in molecular weight affects the fibre morphology [27] . In this work PAN has a higher molecular weight and CA has a lower molecular weight. Thus, the blend molecular weight can be dependent on the amount of each polymer present in the blend. There was a significant change in aspect ratio (fibre length/diameter) reported when decreasing the molecular weight of the polymer system [27] . In a spinning process, there must be a minimum molecular weight of polymer required to form sufficient chain entanglement which influence the formation of continuous bead free fibres [18] . In our work, CA polymer has lower molecular weight compared to PAN (thus having low chain entanglement) that led to dramatic change in fibre morphology. The current knowledge of molecular chain length, chain conformation, degree of chain entanglement and extensional rheology with respect to pressurised gyration to relate the fibre morphology and aspect ratio is not complete, although it has been shown that a critical solution concentration is needed to form continuous fibres in this process [18] [19] [20] [21] . Thus, this study describes a partial qualitative assessment on how those parameters could affect the fibre morphology and the aspect ratio of fibres formed by pressurised gyration. Fig. 5 shows the high and low magnification SEM images of the PAN-CA fibre morphologies generated at different working pressures and a fixed rotating speed 36,000 rpm. It is clearly seen that the fibre assembly exhibited extensive bundles consisting of many fibres that stuck together. They are also longer and thicker than the fibres produced from PAN and CA alone. It is also noteworthy that the fibre samples have a distinct layered structure made up of several fibres stacked together in the upper and lower regions of the micrographs. This is a Fig. 3 . Experimental TGA curve for the PAN-CA blended fibres.
Porous fibre formation
very distinguishable feature of the PAN-CA fibres compared to only PAN and only CA fibres (Fig. 2a,c) . Another remarkable observation of these blend fibres is their ability to generate pores on their own without any additives or post-processing. At a rotating speed 36,000 rpm and a working pressure 1 × 10 5 Pa there are no pores on the surface of fibres (Fig. 5a ). However, increasing the working pressure from 1 × 10 5 Pa to 2 × 10 5 Pa at the same rotating speed generated pores on the surface of fibres (Fig. 5b) . This is also true when increasing the working pressure from 1 × 10 5 Pa to 3 × 10 5 Pa at the same rotating speed but the incidence of pores is much higher than under the previous conditions (compare Fig. 5b with Fig. 5c ).
For comparative purposes we have also generated porous fibres using particulate (NaCl) leaching and the solvent etching processes. Fig. 6 shows fibre morphologies of the composites after etching in acetone/DMF solution for various time intervals ranging from 5 to 30 min. It is apparent that the fibres were dissolved in the solution leaving imprints on the surface of the fibres. The pore sizes gradually increased with etching time. It is also noteworthy that at higher etching times there is pitting on fibre surfaces and the pores extended deep into the fibre matrix. The porous fibre structures generated with NaCl leaching are shown in Fig. 7 . There were no pores obtained in the absence of porogen NaCl. However, in contrast, when porogen was present pores formed on the surface of these fibres. The pore size increased with the concentration of porogen. Also, the absence of NaCl crystals on the surface suggests that the dissolution of the porogen crystals is complete. Fig. 8 shows pore size variation as a function of the key variables of each fibre forming route. In the self-generating route, increasing the working pressure from 2 × 10 5 Pa to 3 × 10 5 Pa caused a twofold increase in pore size from 0.5 to 1.2 μm. In the etching process, the pore size increased dramatically for the first 15 min, thereafter the rate of increase was reduced even though the pore size increased with time. Finally, in the porogen leaching process the pore size increased with the concentration of porogen NaCl. There was a gradual increase in pore size up to 0.4 wt% NaCl, then it levelled off to 0.6 wt%, subsequently gradual increase was prevalent again. However, the rate of increase was lower than that was observed at the lower concentration of NaCl.
It is important to quantitatively assess the overall pore size variation after each preparation method. For that we have mapped the pore size distribution for each case and found out the statistical importance with Gaussian plots. The pore size distribution of the PAN-CA fibrous samples prepared under different conditions is shown in Fig. 9 . As expected increasing the working pressure increased the pore size in the self-generating fibrous structures. The pore size showed unimodal distribution with a peak showing a mean value~0.5 μm for 2 × 10 5 Pa and~1.3 μm for 3 × 10 5 Pa working pressures. Unimodal pore size distribution is also obtained in the other two preparation techniques. The etching method showed a mean value~0.5 μm and 9.5 μm after 5, 30 min etching time, respectively. The standard deviation of the former is smaller than the standard deviation of the latter confirming the qualitative assessment that the pore size gets larger with increasing etching time. In the case of particulate leaching the pore size is mostly populated at~1.3 μm and~4.5 μm for NaCl concentrations of 0.2 wt% and 1 wt%, respectively. All these results imply that the variables of the processing techniques greatly influence the pore size and its distribution. To study the influence of NaCl particle size on the pore size and pore size distribution, we have also evaluated the NaCl particle size distribution which is shown on Fig. 10 . The NaCl particle size shows a unimodal distribution with a mean value~185 μm. This is significantly lower than the pore size obtained in the particle leaching method. In fact, it is two orders of magnitude less than the pore size of all the preparation techniques. The chronological argument for this observation is that the volume fraction of particles that are higher in dimension (N10 μm) might be suspended and segregated during the spinning process or might be largely present on the surface of fibres generated and are easily eroded away during leaching. The smaller volume fraction of particles that have size b10 μm could have occupied the space between the interstices of the polymer chains which can only erode away after deep leaching and this could have a more significant effect the observed results compared with the influence of the N10 μm particles. To evaluate the amount of residual NaCl chloride particles that were entrapped in the fibres, the concentration of the chloride particles were determined. In all instances the concentration of chloride ion was b 10 ppm which represents~0.0006 wt% of total mass fraction of the NaCl added into the fibres.
The self-generating porous nature of the blend fibres is intriguing and its formation mechanism deserves more attention. The high volatility and vapour pressure solvents give rise to phase separation and surface porosity in formed fibres. The porosity and smoothness of the surface of the fibres could be manipulated by decreasing solvent volatility [28] . During the stretching and cooling process in fibre formation, the evaporation rates of the solvents vary in the binary solvent system which contain different boiling point solvents. The rapid evaporation of the more volatile solvent (in this case acetone) can lower the temperature of the liquid jet by absorbing heat. This leads to a solvent-rich phase and a polymer-rich phase, eventually the latter transforms into a solid matrix and the former evaporates to leave pores in the matrix. Another plausible explanation is that the nonsolvent of polymer systems such water vapour in the atmosphere condenses and diffuses in to the polymer matrix to leave imprints on the surface. This is because of the evaporative cooling of the solvents, thus there is more saturated environment during spinning and it is more probable that the dew point of water is reached [29] . During the etching process the polymer molecules dissolve in the "good" solvent and selective removal of the polymer phase leads to pore formation. As the etching time increases the polymer molecules beneath the surface of the blend fibres are more exposed to solvent molecules and this increases the interaction between these molecules, this will facilitate pitting on the matrix. On the contrary, in the leaching process the selective removal of the porogen NaCl generated pores in the matrix. In this process porosity is governed by the amount of leachable particles present in the polymer matrix whereas pore size and shape of the generated structure can be tailored independent of the porosity by varying the characteristics of the particles such as size and shape [30] . Moreover, the inter-connectivity of the pores mostly depends on the spatial arrangement of particles in the matrix. Therefore, higher the concentration of the particles the higher the inter-connectivity and vice-versa.
Mathematical modelling
The formation of self-generated porous fibrous structures is mainly due to solvent evaporation and change in solvent evaporation rate during the pressurised gyration of polymer solution. For deriving a mathematical model we consider a time scale where fibre has ejected from the orifice and is sufficiently stretched in axial direction. As gyration is carried out in a sealed vessel, we assume solvent evaporation takes place at this point, therefore, the solvent evaporation rate (i.e. the mass transfer rate of solvent from the surface of the fibre jet) could be related to diffusion of solvent atoms from the surface of the fibre jet. The surface mass concentration near the fibre jet C can be related to the diffusion coefficient by:
where, the x-axis is tangential to the local surface and the y-axis is perpendicular to the local surface, V x is the tangential air flow speed relative to the fibre jet, D is the solvent diffusion constant. The length scale of mass diffusion L near the local surface can be expressed as:
Therefor the length scale of mass diffusion L y is
Now we consider the rotational and blowing frames to derive the length scale of mass diffusion L y in pressurised gyration forming. In the rotational frame, only the rotating action of the process is considered. Therefore, V x could be related to angular speed ω and the radius of the gyration vessel R by,
L x is radius of the fibre jet r. That will give the length scale of mass diffusion in the rotating frame:
In the blowing frame, only blowing action of the process is considered. Therefore, V x can be related to the aerodynamic drag force acting on the fibre jet q and the density of the gas ρ and the cross-sectional area πr
This will give the length scale of mass diffusion in blowing frame as:
The flux of surface mass transfer (J) can be given by
where C a is the solvent vapour concentration in air near the fibre jet. By substituting from Eqs. (5) and (7) for L y , the flux of surface mass transfer in rotating and blowing frames could be obtained. This will give the flux of surface mass transfers for rotating frame J R and the blowing frame J B as follows.
The solvent mass evaporation rate was determined experimentally by evaporating the solvents DMF and acetone/DMF mixtures over a period of time. They were found to be 0.15 g/min and 0.20 g/min respectively. Substituting values for angular speed ω = 36,000 rpm, radius of the gyration vessel R = 60 mm, diffusion constant = 0.276 cm 2 /s [31] , the radius of the fibre jet at the rotational frame would be 600 nm. Assuming density of air ρ = 1.225kgm − 3 , the radius of the fibre jet at the blowing frame would be 800 nm. This value is within the range of fibre diameter obtained in experiments, i.e. 200-2000 nm.
Bonding characteristics of gyrated fibres
FTIR was used to investigate the changes in chemical bonding on the surface of fibres after pressurised gyration. Fig. 11a shows, FTIR spectra of the gyrated PAN, CA and PAN-CA fibres obtained at a rotating speed 36,000 rpm and 3 × 10 5 Pa working pressure. For PAN fibres, the C`N stretching mode was found at 2247 cm − 1 . The -CH 2 bending peak was obtained at 1455 cm − 1 [32] . The -CH 2 vibrational mode was attained at 2940 cm −1 [33] . Additionally, there is a peak at 1074 cm
which is attributed to S_O bond arising from solvent DMF. The characteristic chemical bonding peaks for CA fibres were found at 1740, 1365 and 1216 cm −1 for ester carbonyl (C = O), carbon methyl (CCH 3 ) and ester linkage (OC = O), respectively [34] . The PAN-CA fibres showed all the peaks found on individual PAN and CA fibres suggesting that well-blended fibrous structures were made by pressurised gyration.
To prove this we have also carried out Raman spectroscopy on the gyrated fibres. Fig. 11b shows the Raman spectra of all fibres formed at 36000 rpm and 3 × 10 3.5. Release characteristics of vanillin from porous fibrous structures Fig. 12 shows release characteristics of the porous structures as a function of time and temperature. It can been seen that the release of vanillin from the fibres can be related to the porous structures. Selfgenerated porous structures shows higher release compared to etched and leached porous fibrous structures. The release of vanillin in these structures is rapid when increasing the temperature from 20°C to 100°C. In fact, more release is seen much sooner. Etched porous structures shows a slight increase in release compared to leached porous structures. Again, increasing the temperature increased the amount of vanillin released. A two stage release is observed for selfgenerated and etched porous structures, while leached porous structures showed a linear release profile. The change in release The finer pores give more surface area for attachment of the vanillin molecules and their release in a given medium. In the leached structures, the pores are well open and have long channels that might slow down the diffusion process. In addition, there may be stronger residual ionic components present in the form of Na + and Cl − ions that will attract these vanillin molecules strongly. This will prevent them from diffusing easily through the inter-connected structures. Therefore, we believe that these factors contribute to a lower release rate in the leached porous structures. Another striking observation is that the release of vanillin is not saturated within the time of investigation. The release can be categorised into release from open pores and solid state diffusion. The manifestation of these facts is that saturation will be reached when the solid state diffusion is complete which is a slow process and incommensurate with the overall duration of the release experiments. To evaluate the effect of temperature on the release characteristics we have plotted Higuchi (based on Fickian diffusion mechanism) model release data profile using the following equation,
The best R 2 value and the Higuchi constant K H is tabulated in Table 4 .
All coefficient of determination are above 95% indicating the excellent fit to the proposed model. The temperature dependent increase in dye release from the porous fibrous structures is attributable to two factors. Firstly, as the temperature increases the swelling of the fibrous structures increase. This is mainly due to increased attraction between hydrophobic segments of the polymers and the weakening of the hydrogen bonding between the water molecules and the hydrophilic segments of the polymers [37] . Thus, it could facilitate the escape of dye molecules from its surface. Secondly, as the temperature increases the drug molecules gain sufficient kinetic energy which could overcome the bonding between its molecular surface and fibre surface.
Conclusions
In the present work, simple and versatile fabrication of single and blended polymeric fibres was achieved with various fibre morphologies and surface properties. It is shown that by controlling working pressure in the pressurised gyration process, self-generating porous structures could be obtained. Artificial porous fibrous structures were also made by post-processing leaching and etching. The pore size was controlled by adjusting the processing variables for each case and the pore formation mechanisms were elucidated for each processing route. A mathematical model was formulated to relate the solvent mass transfer with respect to processing parameters and the fibre jet radius. Chemical bonding characteristics in the fibres were studied with spectroscopy techniques suggesting that good quality blended fibres were generated by pressurised gyration. We have also demonstrated the release characteristics of vanillin molecules from the porous structures in de-ionised water at various temperatures. The release characteristics of the selfgenerated porous structures is more pronounced compared to etched and leached porous structures.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.matdes.2017.07.050.
